DsbA is a protein-folding catalyst from the periplasm of Escherichia coli that interacts with newly translocated polypeptide substrate and catalyzes the formation of disulfide bonds in these secreted proteins. The precise nature of the interaction between DsbA and unfolded substrate is not known. Here, we give a detailed analysis of the DsbA crystal structure, now refined to 1.7 A, and present a proposal for its interaction with peptide.
The crystal structure of DsbA is analyzed for evidence of domain motion by comparing the relative orientations of the two domains in each of the two copies of DsbA in the asymmetric unit. In addition, we examine the characteristic surface features (including a hydrophobic pocket not identified previously) and assess the conservation of contributing residues among the DsbA family. The interaction of peptide with three of these surface features is modeled on the basis of a thiored0xin:peptide complex (Qin et al., 1996b) .
Results
The refined 1.7 A crystat structure of oxidized wt DsbA Details of data collection statistics for the 1.7 A wt oxidized DsbA are given in Table 1 . DsbA is a monomer, but crystallizes with two molecules in the asymmetric unit. The final 1.7-A model includes the two DsbA monomers (one of which is shown in Fig. 1 ) and 268 water molecules in the asymmetric unit. The crystallographic R-factor and R-free (Briinger, 1992a) for the structure are, respectively, 0.196 and 0.229 (for details see Table 2 ). For comparison, the DsbA structure refined at 2.0 A has an R-factor of 0.169 (Martin et al., 1993a) , but was refined without the use of R-free.
Overall, the 1.7-A and 2.0-A oxidized wt DsbA structures are very similar, although there are some local differences (described in Materials and methods). The root-mean-square deviation (RMSD) between the two structures for all Ca atoms of both munomers is 0.15 A. As described previously (Martin et al., 1993a) , the structure of DsbA consists of a thioredoxin fold (residues 1-62 and 139-188) with a helical domain insert (residues 63-138).
Comparison of monomers A and B in the asymmetric unit
The high resolution of the wt DsbA structure allows analysis of the structural differences between the two monomers in the asymmetric unit (Fig. 2 ). Superimposition of all C a atoms of monomers A and B gives an RMSD of 0.91 A. This is much higher than the astatistics are for data with I > 1 a (1) . 'RsS,,, = 2 1 1 -(f)l/%f). " Outer shell is 1.66-1.72 A. estimated coordinate error (0.2-0.3 A) of the structure and alsg higher than the RMSD obtained in comparing the 2.0-A and 1.7-A structures (0.15 A).
The structural differences between the two monomers appear to arise from different crystal packing environments and the inherent mobility of solvent-exposed regions. The most striking example is at the N-terminus (Fig. 2) ; Gln 2 has a backbone a-helical conformation in monomer A and a @-strand conformation in monomer B. Accompanying this change in main-chain conformation is a 9-A shift in the mean coordinate position of Ala 1. If just these two N-terminal residues are excluded from the superimposition, the Ca RMSD for monomers A and B drops to 0.57 A. The B conformation of residues l and 2 cannot be adopted by monomer A in the crystal lattice because a steric clash would occur with Lys 70 and Ala 1 side chains from a symmetry-related molecule. In the reverse case, where the conformation of residues 1 and 2 from monomer A is overlaid onto monomer B in the crystal, there are no symmetry clashes. Consequently, the N-terminal conformation of monomer B is probably more representative of the unhindered solution structure. The other large difference between the two monomers is in the stretch of residues 163-174 ( Fig. 2) . located directly after strand /35 in the polypeptide sequence. These residues form a mobile loop (residues 163-169, average B-factor 47 8 , ' ) and the first turn of helix a7 (residues 170-174, average B-factor 33 A'). As with the N-terminus, the conformational changes in this region are a result of different crystal contacts and intrinsic flexibility.
Domain motion in DsbA
If residues 1-2 and 163-174 are removed from the Ca superimposition of monomers A and B, the RMSD falls to 0.43 8, for the 174 residues. This is still somewhat higher than the estimated coordinate error of the structure. We therefore investigated the possibility of domain mobility in DsbA by superimposing, separately, only the secondary structural features of each domain (helix a6 was not included because it straddles both domains). For the thioredoxin domain, Ca atoms from 62 residues To analyze further the possibility of domain motion, the angular and translational differences between the domains in monomers A and B were calculated. First, the two monomers were superimposed using the same Ca atoms from secondary structural elements of the helical domain defined above. Then, using this helical domain superimposition as the starting point, the monomers were again overlaid-this time using only thioredoxin domain elements of the structure. The movement required to achieve this second superimposition corresponds to the difference in domain position between the two monomers. This movement in DsbA involves a L. W Guddat et al. translation of 0.66 8, along the major axis of the domain and three angular modifications, a "roll" of -2.4" along the long axis of the domain, plus a "tilt" of 1.8" and a "swivel" of -2.0" [for a description of these terms, see Huber et al. (1971) and Herron et al.
(1991)l. Compared with the range of angular and translational differences that occur at the VL-VH domain interface on binding of antigen (Herron et al., 1991; Stanfield et al., 1993) , the "motion" in the DsbA domains is small but significant. The difference observed between the two molecules in the crystal structure could represent the lower bound, and by no means the upper bound, of any possible domain movement in DsbA.
Furthermore, the connection between the two DsbA domainsbetween strand /33 and helix a2-is a type N &turn contributed from residues Phe 63-Met 64-Gly 65-Gly 66. The difference in relative domain orientation observed for the two DsbA monomers in this crystal form could be accounted for by differences of 10-20" in the main-chain 4,@ torsion angles of Gly 65 and Gly 66. In addition, the first residue of this t u r n , Phe 63, is highly strainedhaving an unusually large main-chain angle for N-Ca-C of -120" (ideal value -1 10") in both monomers. We suggest that this /3-tum therefore represents a hinge point for domain motion. 
The proposed substrate binding surface of DsbA
Several studies have shown that DsbA interacts with other parts of the folding polypeptide substrate in addition to the cysteine thiol (Wunderlich et al., 1993; Darby & Creighton, 1995; Frech et al., 1996) . The details of the interaction between DsbA and polypeptide are not known. We propose that the surface of the DsbA structure surrounding the active-site disulfide is critical for interaction with unfolded substrate. Figure 3 depicts the electrostatic surface of one face of the DsbA molecule. This face includes the accessible sulfur of the active-site disulfide, an uncharged groove below, and a hydrophobic patch above the accessible sulfur [identified in Martin et al. (1993a) l. Within the groove is a hydrophobic pocket, not identified previously. Each of these characteristic surface features is described in detail below, and the residues that contribute to each feature are identified. The sequence alignment of nine DsbA proteins (Fig. 4) gives a useful guide to the conservation of these residues (and hence conservation of the surface characteristics) within the DsbA family.
A peptide binding groove . . .
The groove below the active-site disulfide is approximately 20-A long, lo-A wide, and 7-A deep. It incorporates an indentation, or pocket, directly below the active-site disulfide that could accommodate a small hydrophobic side-chain (see below). The groove is formed exclusively from residues of the thioredoxin domain and is lined with several solvent-exposed and uncharged (hydrophobic and polar) residues. These residues are from the al-loop-crl' helix (Phe 36, Leu 40), the active site cis-Pro 151, strand /35 (Gln 160) and several residues from the flexible loop region be-tween p5 and the first turn of helix a 7 (Pro 163, Gln 164 and Thr 168, Met 171, Phe 174, Val 175).
Of these 10 residues, three (Phe 36, Leu 40, Pro 151) are conserved as hydrophobic, two (Pro 163, Thr 168) are conserved as uncharged residues, and two (Phe 174, Val 175) are uncharged in eight of the nine DsbA sequences. The remaining three residues (Gln 160, Gln 164, and Met 171) are variable. Some explanation is required regarding Leu 40, which is not conserved, in the strictest sense of the term, in all nine proteins. This residue is located in a three-residue loop that kinks the al/al' helix of E. coli DsbA and is found in only five of the nine DsbA proteins. However, in all five cases, the residue aligned with Leu 40 is hydrophobic. In the other four cases, the residue following the three-residue loop deletion is hydrophobic.
. . . hydrophobic pocket within the groove .
The hydrophobic pocket is also located within the thioredoxin domain, directly below the active-site disulfide at the midpoint of the groove described above, with dimensions approximately 6 8, Fig. 3) , although this buried residue may not be charged at physiological pH [the equivalent residue in thioredoxin has a pK, above 7 (Jeng et al., 1995; Wilson et al., 1995; Jeng & Dyson, 1996; Qin et al., 1996a) l.
Residues Phe 36 and cis-Pro 151, which are identified above as forming part of the putative peptide binding groove, are highly conserved in the DsbA family. The hydrophobicity of the other four residues is completely conserved in the nine DsbA sequences except in two cases: ne 42 is a serine in Azotobacter vinelandii and Leu 161 is a threonine in Legionella pneumophila.
. . . and the hydrophobic patch The hydrophobic patch, an area of roughly 10 8, X 15 A located above the active-site disulfide in the orientation shown in Figure 3 , is composed of exposed hydrophobic residues. The residues contributing to this feature are donated from both the thioredoxin and helical domains. These are: Phe 29 from a type I p-turn preceding the active-site disulfide; all four residues in the type IV "hingepoint" @ -t u r n (Phe 63-Met 64-Gly 65-Gly 66) that C O M~C~S the thioredoxin and helical domains; Leu 68 from helix a2; and
Val 150 from a loop located between a 6 and / 34. l b o of these residues-Phe 29 and Phe 63-are conserved as hydrophobic residues (Phe, Qr, Val, ne, Leu, Met, or Gly) in the nine sequences.
However, the Phe 63-Gly 66 stretch of residues is variable in length. Residue 64 is present in only six sequences (but all are hydrophobic) and residue 65 is present in only three (all three are Gly). Of the remaining three residues, Leu 68 and Val 150 are conserved as uncharged (either hydrophobic or polar) and Gly 66 is uncharged in eight of the nine sequences.
Model of a DsbA-peptide complex
The conservation of uncharged/hydrophobic residues from the sur- , L. pneumophila, 21%) . The secondary structure identified from E. coli DsbA is boxed and labeled, and the active-site disulfide is labeled S-S. The N-terminal residues are those predicted after signal sequence cleavage, except in the case of S. typhimurium (where no reasonable cleavage site was predicted) and Az. vinelandii (where the predicted cleavage site has extra residues at the N terminus). For both these sequences, the N-terminus is shown flush with the other DsbA homologues, although this may not be accurate. The S. typhimurium sequence is not a chromosomal sequence, but is from a virulence plasmid, so it could have a somewhat different function from the chromosomal copy. Residues from characteristic structural features of DsbA are denoted "g" for those lining the groove, "p" for those forming the pocket, "h" for those in the hydrophobic patch, and "a" for those in the acidic patch. (See text and Figs. 3, 6 . ) uncharged regions are also present on other DsbA proteins. Furthermore, the placement of these uncharged regions around the active-site disulfide suggests that they may be important for binding and/or stabilization of hydrophobic residues in polypeptide substrates.
M S L V A Q Q E K A A A D V QLRGVP
A model of a DsbA-peptide complex was derived by comparison of the structure of unliganded DsbA with the Nh4R structure of a complex of human thioredoxin with its target peptide from Ref-1 [(Qin et al., 1996b) , PDB accession code ICQG]. The thioredoxin domain of DsbA was superimposed onto the human thioredoxin structure, and the thioredoxin-bound peptide was examined in terms of the DsbA structure. In this model, the peptide is quite clearly oriented in a manner that would favor interaction with all three of the uncharged regions surrounding the active-site disulfide of DsbA (Fig. 5) . The DsbA-peptide model provides further confirmation that the uncharged features may be involved in substrate binding, but does not give precise detail of these interactions. Figure 5 is a depiction of the active-site surface of DsbA, highlighting all residues that are uncharged in all nine DsbA sequences. Notably, the active-site disulfide is encompassed by a broad patch of conserved uncharged residues contributed from all three surface features-the groove, pocket, and patch. Comparison of the DsbA-peptide model with the conserved uncharged residues in DsbA shows that the model peptide binding site is contained entirely within the conserved uncharged surface. We submit that these observations lend strong support to the hypothesis that the conserved surface features of DsbA are required for interaction with regions of the unfolded substrate that ultimately form the hydrophobic core of the folded protein product.
Also shown in

The acidic patch
The acidic patch (Fig. 6) is located on a groove between the thioredoxin and helical domains on the opposite face of the mol- The Sides of the wedge are coaceticus, and 412 for kgionella pneumophilu. Thus, it appears formed from the f f 1-lOOp-~rl' helix of the thioredoxin domain and that eight of the nine DsbA proteins have a net negative charge in a3 Of the helical domain, with the floor composed Of residues from the region of the acidic patch of E. coli DsbA. p 2 of the thioredoxin domain.
The seven acidic residues in this region of E. coli DsbA are
Glu 24 from strand p2, Glu 37, Glu 38, and Asp 44 from the al-loop-cul' region, and Glu 85, Asp 86, and Glu 94 from helix The structure of DsbA combines several unique features that may a3. Although it is conserved among the DsbA sequences, Glu 24 be critical for function. First, there is the intriguing possibility of is probably not involved in the acidic patch because it is com-domain flexibility. The movements noted upon comparison of the pletely buried. Of the remaining six acidic residues, some are domains of the two monomers in the asymmetric unit are small and reasonably well-conserved among the DsbA sequences (Glu or could, on their own, appear circumstantial. The evidence for do-Asp at position 37 is present in 819 sequences, Glu 85 and Asp 86 main motion is more compelling, given the additional observation in 6/9), but others are not conserved at all (Glu 38 is present in of a strained residue (in both monomers) at a position placed only 219 and Asp 44 in only 319). perfectly for hinge motion between the two domains. We intend to The lack of precise conservation of acidic residues prompted us investigate the possibility of larger domain motions in DsbA by to examine the E. coli DsbA structure to identify solvent-accessible studying the structures of DsbA-peptide complexes, reduced DsbA, residues in the vicinity of the acidic patch. We reasoned that a and oxidized DsbA from alternative crystal forms.
Discussion
precise alignment of charged residues of DsbA homologues with those in E. coli DsbA is not required to produce a net negative charge in this region. Presumably, nearby residues could also contribute to the overall charge in the acidic patch of DsbA homologues. We found that residues 37, 38,41,43,44,47,48 from the al-loop-cul', residue 80 from the last turn of helix a2, residue 83 from the turn between a 2 and a3, residues 85, 86, 87, 89, 90,94, 98 from helix a3, and residue 99 from the turn following a3 are solvent accessible and could contribute to the overall charge in the acidic patch. In E. coli DsbA, 6 of these 17 residues are acidic and
The four striking surface features of the DsbA structure (the peptide binding groove, hydrophobic pocket, hydrophobic patch, and acidic patch) appear to be conserved throughout the DsbA family. Conservation of these characteristic traits further supports the hypothesis that these features are required for function. The precise role each surface feature plays must remain speculative at this stage, but there are some clues. Thus, the dimensions and location of the groove near to the active-site disulfide is suggestive of a peptide binding groove. The flexibility of residues 163-174, lining one edge of the groove, could be significant in the context 4 are basic, giving a net charge of -2 for this region. For the other of the nonspecific nature of the interaction between DsbA and eight sequences, the ratio of acidiclbasic residues is 614 for Shisubstrate. The hydrophobic pocket within the groove could interact gellajlemeri, 413 for Erwinia chrysanthemi, 514 for Haemophilus with the side chain of a small hydrophobic residue. Residues from injluenzae, 412 for vibrio cholerae, 413 for Salmonella typhimuthe groove, the pocket and the hydrophobic patch form a con-served, uncharged surface surrounding the accessible sulfur of the DsbA active site. All three of these surface features are implicated in substrate binding based on a model of the DsbA-peptide complex. However, the precise details of the binding interaction between DsbA and substrate peptide must await definitive experimental evidence.
The location of the acidic patch on the molecular face opposite to that with the active-site disulfide implies that this surface feature is not important in catalysis of disulfide bond interchange. In addition, the lack of precise alignment of the acidic residues in the nine DsbA sequences suggests that protein-protein interactions that might target the acidic patch may be nonspecific and mediated by electrostatic attraction. A candidate for interaction at this site is DsbB, an integral membrane protein that assists the function of DsbA by re-oxidizing its disulfide bond. The interaction between DsbA and DsbB would necessitate molecular recognition over large distances, a requirement that is met by electrostatic attraction. Nothing is known about the three-dimensional structure of DsbB, although the transmembrane topology (Jander et al., 1994) does not predict highly charged periplasmic domains.
In conclusion, our detailed analysis of the DsbA structure suggests the possibility of domain motion for function, and identifies a potential hinge point. The characteristic surface features on the active-site face of the DsbA structure are shown to be conserved among the family of DsbA proteins. These features-a peptide groove, hydrophobic pocket, and hydrophobic patch-form a distinctive uncharged surface around the active site that is conserved and likely to be involved in substrate binding. The significance of the acidic patch on the opposite face of DsbA is unclear, but its conservation suggests a function that we propose could be related to the binding of DsbB.
Materials and methods
Protein crystallization and X-ray data collection
Recombinant wt DsbA was expressed and purified in E. coli as described previously (Bardwell et al., 1991) . Samples for crystallization were oxidized using 1.5 mM copper [11] phenanthroline, dialyzed against 20 mM Hepes/NaOH, pH 7.5, and purified by FPLC on a HR 5/5 Mono Q column followed by concentration to 20 mg/mL. Crystals of wt DsbA (space group C 2 , unit cell dimensions a = 117.7 A, b = 65.1 A, c = 76.4 A, p = 126.3") were grown using conditions described previously (Martin et al., 1993b) . The calculated solvent content with two DsbA molecules per asymmetric unit is 55.9%. A triangular-shaped crystal of dimensions 1.1 X 0.8 X 0.5 mm was used for data collection. Crystallographic data were measured at 16 "C using an RAXIS-IIC imaging plate area detector with RU-200 rotating anode generator. The X-ray generator was operated at 50 kV and 100 mA and the crystal to detector distance was 65 mm. An oscillation range of 2' was used with an exposure time of 30 min. The frames were integrated, scaled, and merged (with data cutoff Z > 1 ~( 1 ) ) using the data processing package provided with the RAXIS-IIC system (Higashi, 1990) . Crystallographic statistical results for wt DsbA crystals are presented in Table 1 .
Crystallographic refinement of wt DsbA structure
The previously refined 2.0-A structure of DsbA (PDB accession code 1DSB) (Martin et al., 1993a) , with solvent molecules re-moved, was used as the starting model for the high-resolution structure. Although data were measured to 1.66 A, a cutoff of 1.7 8, was used for refinement: the R-factor and R-free for the 1.7-1.66-A shell are both -40% and data completeness in this resolution shell is less than 50%, with multiple measurements for only 48 of the 2,295 reflections. Structural refinement was guided by the use of R-free (Briinger, 1992a; Kleywegt & Jones, 1996) at all stages. Refinement was performed in X-PLOR v. 3.1 (Briinger, 1992b) using simulated annealing, positional refinement, individual B-factor refinement, and bulk solvent correction, according to standard protocols and using standard parameters (Engh & Huber, 1991) . Models were built and examined using the graphics program 0 (Jones et al., 1991) .
Water molecules were included in the structure using these criteria: peak above 3 u in F, -F, maps and peak above l u in 2F, -F, maps and at least one hydrogen bonding partner within a 3.4-A radius. Residues Ser A133, Gln A176, Glu A187, and Ser B133 were assigned two conformations of half occupancy each. Residues Glu A13, Lys A14, Glu A52, Lys A55, Arg A148, Gln A164, Glu B13, Lys B14, Lys B47, Glu B52, Lys B132, and Arg B148 were modeled as alanine. Refinement statistics for the 1.7 A wt DsbA structure are presented in Table 2 , with those from the 2.0 A structure given for comparison. In both monomers A and B, the electron density is continuous at the 1 u level for all main-chain atoms, an improvement on the original 2.0-A structure, which had discontinuous density for residues 13-1 8 and 51-55 in both monomers. However, no density is observed for the C-terminal Lys 189 in either monomer A or B (as was the case for the 2.0-A structure).
Validation and analysis of crystal structure
The program packages PROCHECK (Laskowski et al., 1993) . PRO-MOTIF (Hutchinson & Thomton, 1996) , GRASP (Nicholls et al., 1993) , and INSIGHT (Biosym Corporation) implemented on a Silicon Graphics Indigo R4400 were used to analyze, characterize, and superimpose the DsbA structure and to produce many of the figures for this paper. The angular and translational differences between the domains in monomers A and B were calculated using the program ROTMOL (Huber et al., 1971) . Residues contributing to surface features were identified using 0. Side chains accessible to solvent were identified through solvent-accessibility calculations in X-PLOR 3.1 (using a probe radius of 1.4 A).
Although there are no major structural changes between the two, the 1.7-A DsbA structure corrects some errors in the 2.0-A structure. For example, the peptide linkage between Ala B17 and Gly B18 is flipped compared with that in the 2.041 structure and, as a result, has an improved peptide orientation. Five lysine residues (A7, A47, A118, B140, B158) in the 1.7-A structure are shifted compared with the 2.0-A structure (NC changes of 2.1-4.4 A). In addition, the side-chain orientation of Gln B21 is significantly different from that in the 2.0-A structure, with the Ne2 atom shifted by 5.4 A. Other smaller side-chain shifts, of the order of 1 .O-2.0 A, were observed for residues Glu A38, Asn A114, Gln A146, Asp B5, Met B56, Glu B94, and Gln B137. In general, these changes result in improved side-chain conformations and a better match to electron density.
Coordinates of DsbA (1.7 A) have been deposited with the Brookhaven Protein Data Bank (Bemstein et al., 1977) (accession code IFVK). Structure factors have also been deposited with the Protein Data Bank (RIFVKSF), but these will be held for release for two years.
